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ABSTRACT 

Tht? •-sundiuy laysr on a $o* included angle cone-cylinder model has been 

studied cryr a range of supersonic speeds •    Boundary layer recovery factors 

have bees measured and shadowgraphs have been taken of the model in the wind 

tunnel arsl free flight.    These mesLSurement» indicate that when the boundary 

layer ahead of the shoulder is turbulent,  the boundary layer is laminar after 

the shou] ier for a short distance •   A theoretical model of the i^hanomenon has 

bean constructed and copulations have been made using available boundary 

isysr u-k^OiT-* sssd -?x^il*=s5it-ai d-^ts, to describe t-h*? coiirs^ of th»» bo*iiy*-'J,w' 

layer frcm ,1ust ahead of the shoulder to the transition back to turbulent flow 

on uhe cylinder*    iteasonaciy good agrssnssu 3.s found betww*»s~i the experiments 

and the calculations* 

A distinction is made between the complete shear layer at a given position 

which results from the action of frictional forces all along the nicsiel surface 

from the model ti^, and the boundary layer at the same position which may be all 

or only the inner portion of the complete shear layer* 

A turbulence parameter analogous to Taylor's turbulence parameter fee the 

effect of a turbulent free stream on laminar * irbulent transition, but appli- 

cable to a high speed boundary laver is obtained. 
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FT 

R. e*r 

Reynolds Number 

-   Recovery factor 
T    - T 

Laminar recovery factor 

Turbulent, recovery factor 

Wall temperature 

Local free stream temperature 

Stagnation temperature 

Supply Section pressure 

Mean Telocity 

Subscript referring to local free •**"«»« condition 

Static pressure 

Mach Number 

Dynamic pressure 

•   Density 

•   Viscosity 

Ipu2 

Prtndtl Number 

Transition R*» defined a* the beginning of the transition region 

1 Refers   to conditions just ahead of the corner 

2 Refers to conditions just s^ter the corner 

y -   Distance noriual from the surface 

8 «   Boundary layer thickness 
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NOTATION 

• Coordinate in direction of notion " 

• Wall friction 

-    2C,    -   Average frict?rtri coefficient 

a, b| c    •    Initial coordinates in the Lagrarjgia.i description 

£ •   jr        f        y       "    Turbulent jolnetic energy 

-    Tims 

i>. v w    •    Tra+jmtsneous fluctuation Telc?cities i     j 

U 

/     ? 9 O 
/    T- \~ I- 

f 
oo 3 

c- ( i^ j     -   Root- mean square spatial pressure gradient- 

's • ! 

' 

C. *   —     -   Local friction coefficient 

[*v 
UT        •   Friction velocity    ">/  r- 

Pt.r 

3(M)      -    CFJ!£ 
! 

v   »   Hoot maan square tiirbulent fluctuation veioeities in the 
? 

i^ectious 

L *»      I   R dy      *      Integral scale of turbulence y j    •or' & 

o 

R ••   Correlation coefficient   •   —T-T u *  • 

uv -    Time average of product of iipstai-rtar.ePU'? values of 
i j 

u and •/ at a point. 
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I   i^WV**-1     Vi" It has been generally believed that- enee a bound*rr layer usocsudu tur- 
bulent it remains turbulent.   In the usual *ranoiticn regies, say of a 
boundary layer on a ix»t piste, an instantaneous picture aigh* show laminar 
flc*. frcn the leading edge, a generally landmr region interspersed with 
"bursts* of turbulent fluil* arid then finally, further dcwnstreaia a fully 
developed turbulent bourxiary layer -    In this case, the turbulent "bursts" 

remain turbulent HS they siove downs lre«n and grew, enveloping the contiguous 
laminar regions.   The fluid in the laminar patches between the "bursts" has 
been laminar from the leading edge.    In this report, evidence will be pre- 
ao>.'i(eu wiu.uii jjuuas««ie«   UIAU unHBr a IU. i>«u JL«   vuxtxj-i,±vua »   IUI <y  tiBvej-vpca 

turbulent boundary layer can be converted into a laminar boundary iayor* 

the transfarvif  doss not require the disappearance cf the turbulent energy 

in th* VJT>>U1<  boundary layer. Rather, some of the turbulent fluid in the 

t'ubulent boundary layer becomes laminar in the saw sense timt some of the 

turbulent fluid in a wind tunna! airstre&ri becaraas laminar when there is a 

laminar boundary layer on the surface of a wind tunnel model. 

The phenomenon of inverse transition was noticed accidentally. A 58° 

1.-:" ••*!=-* angle cone-cylinder model was being used to study the of feet of a 

sharp pressure gradient on the boundary layer teispera ours recovery factors • 

The idea was to produce reasonably ^.ell-defined laminar and turbulent bound- 

ary layers on the cons and then measure the equilibrium surfaos temperatures 

on the cylinder. We believed that the velocity vm temperature distributions 

in the boundary layers would not be i/ne familiar equilibrium ones and that 

the surface temperature would be thereby changed. It was thought that the 

deviation would be the greatest just after the shoulder of the model and that 

the usual equilibrium values woulr* be approached asymptotically. With a 

smooth model surface, ohe boundary layer was laminar on -the cone and became 

turbulent on the cylinder at different positicas, depending on the tunnel 

pressure level. The surfaces teisperatureg on the cylinder were in general 

agreement with air exseetsi-iaas, rising in a normal way in the transition 

region on the cylinder. When transition on the cone was fixed by surface 

roughness, the tajnperatnres on the cylinder followed a distinctly different 

lx 
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pattern.    For a short distance along the cylinder, the surface temper fur«t 

vsre approximately constant and corresponded closely to the usual lanririar 

levels after which the tempera tiu'es rose rapidly to values close to the 

usual turbulent levels • 

.••-• 

1 

' 

C§£\ (BB\ 
M \ cm/Max \cm /Kin 

3c02        2.8 x 10^ .70 x 1<T 

3.£5       1.8 x 105 Ji9 x 10* 

t 

After so'ue xmsuccossful attempts, shadowgraphs were obtained of the 

model* With surface roughness the fully developed turbulent boundary layer 
I 

ahead of the shoulder was clearlv visible. From the shoulder downstream. 
••.-'     i 

tjie turbulence that was visible in the boundary layer ahead of the shoulder 

seemed to disappear, or at least it was not distinguishable from the back- 

ground of the picture.    In the downs cream region where the surface temper- 

atures increased, a turbulent boundary layer was again visible. 

This report presanie the results or a study of the effects of the strong 

favorable pressure gradient at the shoulder of the cone-cylinder on both 

laminar ar>3 turbulent- boundary layers, 

EXPERIMENTAL ARRANGEMENT 
t 
i 

The tests were conducted in the Ballistic Research Laboratories' Flexible 

Nossle Tunnel shown in Figure 1. The tunnel ia of the closed circuit variable 

density type so that data could be obtained over a range of Reynolds "umbers 

at each Mach Number as shown in the following table: 

ich Nuafcers is 36 cm. wide by 33 cm. high, 

and the top and bottom wails of the test section are sloped to account for 

the boundary layer growth on the tunnel walls. The Mach Number and flow 

direction distributions along the axis of the tunnel, including the region 

•.jptttA  for thA.se tests, are shown in Figure ?« 

12 
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The cone cylinder model used for these tests is shown in Figure 3* 

La necessary tc knew ths surface Mach Number distri&ut±«S» 1« order 

to analysse the temperature data, a steel model with static pressure orifices 

along its length (see Figure U) was tested at H « 3*02, the Ka;h Nu«5wr at 

which most of the measurements were made. Figure 5 shows the comparison of 

the measured speed distribution along the cylinder and the sttrface Mach 

Members given in reference 1. 

If, in calculating ciio recovery factor, an incorroct value for the local 

Mach Number is used, then the computed recovery factor will be in error. If 

the Mach Number usari la too high, then the recwrer-y £a.«i.or will be high and 

vice versa* Sine** at M fa 3, « .05 *rror is Hach Number only rest Its in an 

error oi' .001  in r, the sgreessnt in Figure 5 *as considered good enough to 

V.EO the calculations at. the other tes:: Mach Numbers. The calculated surface 

distribution for M = 3.55 is shown in Figure 6. 

The construction of the Incite temperature reco-nery model is shown in 

Figure 3» Iron-Gonatantan thermocouple leads Tfere attaeii&d to small l«»ad 

plugs placed at regular intervals along the Incite body. Because the Mach 

Number is loser on the cone than on the cylinder, the level of the tempera- 

ture? on the cone is higher than the level on the cylinder. Although tc© 

Incite is a moderately good insulator, the model thickness was reduced ne?r 

the shoulder to reduce ths heat transfer in the lucite from ahead of c.;*» 

shoulder to the cylinders The spoked body supports, as well as the front 

portion of the strut, vere also made of luclte. The interior of the model 

was filled with glass wool and the base was covered with Incite, except for 

a hole to take out the thermocouple Deads and a vent hole to allow the in- 

ternal pressure of the model to equalize with model base pressure. 

The shadowgraphs were taken iy placing a spark source close to the out- 

side surface of one window at the test section, and the film against the 

other window. The spark source was developed by the Airflow Branch of the 

Exterior Ballistics Laboratory for taking free flight interferograms, and 

had high intensity coupled with short duration, At these high Mach Nunibers, 

13 
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» short duration spark is xiscsssary aii»ce the charactsristxo pattern of the 

turbulence in the boundary layer sweeps by with almost the free stream vel- 

Kopkins University. 

TEMPERATURE RBGOVKR* jfAQTufS 

Mach Numbers.   As can be seen from the figure, the recovery factors rise from 

about  M\S where the boundary layer 3 s laminar, to turbulent values of about 
.88.    The curves shown cover a wide range of transition Reynolds Numbers, 
presumably doe to differences in the disturbance levels in the various wind 

Ui 
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ocity.    Presumabjy, the siiadowgraph will include the optical contribution 
1 

of the turbulent boundary layers on the windows as well as tne boundary layer 

on the «od*ls To reduce the interference of the window boundary layers, the 

light source a.^ the film v»re placed close to the out3ide of each of the 

test section windows .»s Digested by Professor L* S. G. Kovussnay of .Tohns 

1 

Probably the most reliable information on the boundary layer recovery 

factors in the transition region has D?en obtained on cones." * *  Figure 7 

shove some of these Vc-a t>akan irom two different wind tunnels at various 

tunnelse As with skis friction transition carves, when the transition starts 
•3 

earlier, the transition region on a logarithmic scaie tends to oe xonger. 

% 
R i 

SMOOTH MODEL RESULTS 

1 
O \ For the $8   cone cylinder in the smooth condition, that is with no tur- 

bulence promoters on the cone, the boundary layer was laminar on the cone and 

for various distances along the cylinder.   Figures 8 and 9 are shadowgraphs 
at a supply pressure of liiQ cm; the boundary layer is laminar on the cone and 

undergoes transition on the cylinder at about 20 cm. from the shoulder. 
Several features of the temperature data shown in Figure 10 are of particular 

interest.   The temperature level fcr the first six plug? is approximately the 

same, but a systematic decrease can be observed as the shoulder is approached 
2nd the tssjHDW-wfcwo J-— t "hesd •-•—   wic shotsLd5r i3 cdii;.dc~sojy l£33 tinan «us 

others.    On the cylinder, the temperatures apparently rise towards an asymp- 
totic value well back on the cylinder.   The temperatures within or.s or two 

i 
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centimeters of the shoulder fall above th3 otrrve that- represents the moat 

natural si-ctrapolation upstream of the temperature data* The teinperaturs fall 

o£i ahead of ths shoulder and the higher values just behind the snouiaer are 

believed to Be the xeauit of heat transfer in ths I««i** itself. since the 

Incite necessarily must have & continuous temperature distribution. The same 

data are shown as recovery factors in Figure 11. The recovery fsctors are 

lower than the normal icjidnar values aftar the shoulder, rise smoothly towards 

an asymptotic value, until there is an abrupt rise at the onset of transition 

on the cylinder. At first it was thought that heat transfer effects in the 
if 

vicinity of the shoulder might be responsible for the low temperatures after 
« 

the ^boulder* Since the base of the ccne is cooled by h*?»t transfer to the 

front of the cylinder, there isust be heat transfer from the boundary layer 

ahoAd of the shoulder to the cons surface. After the corner, the boundary 

layer would have an energy deficiency which would result in lots recovery 

temperatures. However, if it is assumed that the heat flow can be mainly 

accounted for by two mechanisms;j heat transfer between the model and the air, 

that vhsa iiss sapply temperature as measured by five thermocouples distributed 

over the center of the supply header, was above room temperature, the recovery 

temperatures were lower than expected, and vice versa. Surveys of the flow in 

the tunnel contraction section showed strong separation so that it was likely 

( . that the air in the center of the haadar was not the air that passed over the* 

15 
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1 
and heat flow within the shell, (heat flow to the air within the model is • 

neglected}, then, since the model is at equilibrium temperature at all points, 

heat flow out.   t-ne ?ir ah:"i cf the shoulder should be balanced by heat flow 
» 

back to the air a:?U    the ahoulder so that the heat flow in the lucite should 
not cause an energy deficiency «3 the boundary layer en ths eyliM*??    The 

4 

heat flow out of and back into the boundary layer would be expected to have        j 

some influence on the temperature distribution, and so the recovery temper- 

atures. Heat flow estimates in the lucite indicate that these heat transfer 

effects should be negligible 2.5 cm. from the shoulder at P0 - luO cm. 

The laminar recovery factors on the cone are in good agreement with the 

data Dhown in Figure 7. In the initial tests, a great deal of diffic- -/ was 

experienced in repeating the recovery factor levnls. Finally, it was noticed 
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model. The correlation wiuh supply temperature could be explained if it was 

assumed that the air temperature was sense value between that in ths center of 

the header and ths room temperature• Until the contraction section was re- 

built, the tests were run with the supply temperature set within 1" of the 

room temperature. 

TRANSITION FIXED ON THE CONE 

1 -        regions of separation ahead of and behind the wire and transition occurs about 

j£ halfway between the wire and the model shoulder, for the median wire size, 

transition starts a short distance downstream of the td.re and again the separ- 

ation regions ahead of and behind the wire are relatively limited. For the 

S largest wire size, separation of the boundary layer occurs well ahead of ths 

wire and transition occurs at the wire. There is a sharp rise in the surface 

temperature ahead of the wire, and a sharp decrease after the wire. If the 

16 
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Several Methods were tried for tripping the boundary layer on the cons, 

such as lampblack and sand. Kcsever, for ease in running alternately, in the 
jJ 

smooth and tripped condition, easily removable single wire trips were used, I 
In theS8 tests the wire size necessary for causing turbulence in the vicinity 

of the wire was larger tnan has been found for low-speed measxirements.    For 

instance, at a Mach ^Jumber of 3«5l?^ at an equivalent flat plate Reynolds Number 

of ?sl5 x 10, a wire live times as large as the boundary layer displacement 
i 

thickness at the wire did not cause transition anywhere on the cone surface. 
2 - - According to Dryden, at low spesvii at the -SSHS Reynolds Number a single rough- er 

ness eleaent .8 of the boundary layer displacement thickness would be sufficient 
I 

3 to cause transition at the element, 
•  i 

I 
The use of wire trips disclosed 30me very interesting variations of the 

boundary layer recovery temperature as influenced by the size of the win* trip 

used. While these variations are of interest themselves and should bt the 
i ;I 

subject for another investigation, they are undesirable for this investigation 
'T .ttt 

and it wa3 necessary to use wire sizes for which they were not present. Figure 

12 presents surface temperature data at the same Hach Number and Reynolds 
I Number, but for different wire sizes. Shadowgraphs for these three cases ar« 

Shown in Figure 13. The smallest wire size, .025 cm., produces very limited -•- i i 

s 
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j  of the ss&sl feUee&d t-h? «i»%j» of the separated region, the surface 

.        temperatures would be expected to vary as they do because of the changes in 
I 

surface Mach Number- However, the iemperaturss In ths £tilly-developed tur- 

bulent regioa on the cone are low, and they remain low all the way b«*ck on 

the cylinder, oaQy gradually approaching the temperature data with the smaller 

wire triui • Si&tic pressure measurements along the model surface for two wire 

trips, both of which caused tr&nsiticii, are compared with the smooth model 

static pressure distribution in Figure iii. The temperature data indicated 

that th# »0tt* ea. dia. wire was too large to be satisfactory, (see Figure 12). 

The pressure changes in the separated region ahead of and dc-*?ftsti—am of the 

wire trips are consistent with the flow photographs. Cf more interest is the 

fact that the surface pressures near the base of the cone are only ?* "lightly 

altered by the wire trips. However, the pressure model was also fitted with 

two sets of three total head tubes, one positioned near the base of the cone, 

and one placed well downstream on th? cylinder* (S^e Figurs k) • The total 

pressure tubes near the cone surface showed a loss in total pressure, presum- 

ably a Jesuit of the shock Here system associated with the flow about the wire 

trip. For the .025 cm. trip, the Mach Number decreased by about -Q6 M at the 

cone baa?, so that U3ing the smooth cone surface Mach Number for calculating 

the recovery factor should have resulted in the computed r being loc high by 

•09$» The Mach Number decrease at the eone base is the 3.argest with the .062 

cm. wire trip, and as Figure 12 shess, the computed recovery factors are lowered 

rather than raised. The greatest Mach Number changes on the cylinder produced 

by the wire trips, as evaluated from the static pressure measurements along the 

cylinder and the total pressure measurements near the cylinder surface, would 

have a negligible influence on the recovery factor computations. Evidently, the 

Mach Number changes introduced by the large wire tries cannot account for the 

i effect of wire sise on the temperature data. Possibly, there is sons redistri- 
a 

bution or extraction of energy involved in the flow changes in the vicinity of 

C the wire vhich persists for a very large number of boundary layer thicknesses. 

,.,' With a two-wire trip, the effect is even more pronounced. On the basis of 

these experiments, wire sizes were established;, which as far as surface temper- 

atures were concerned, produced equilibrium fully-developed turbulent boundary     | 

layers just ahead cf the shoulder. 
; i 

ill 
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-where, the boundary layer was turbulent ahead of the shoulder is shown in Fig- 

ure 11. Shadowgraph? of the flow along the cylinder, £of  f-he latter -one. 

show clearly that the boundary layer is turbulent from about 8 cm. from the 

model shoulder to the node! base. See Figure 15>. Also, the veeovery factors 

in the same region are close to the normal levels-. On the othef hand, fop 

about 2S  ^m. after the shoulder, ohe recovery factors appear to be at the 

laminar levels. Figure 16, which contains data for tripped boundary layers 

obtained over a range of Reynolds Numbers, shows that the data at various 

pressure levels '>ave the same features. Similar measurements ?.t « - 3«!?5> are 

shown in Figure 17. At Fn "  100 cm., the recovery factors appear to conform 

to laminar values for about 7.5 cm. from the shoulder. The beginning of the 

temperature "transition" region on the cylinder 13 difficult tc pinpoint be- 

cause of the relative scarcity of the temperature measuring positions. At ^ny 

rate, it would appear to be more than 2.5 cm. from the shoulder in Figures 16 

and 17» 

Photographic evidence proved to be difficult to obtainj Figure 18 rep- 

resents the best shadowgraph obtained in the wind tMnnel. The following 

observations can be made. The turbulence in the boundary layer ahead of th% 

shoulder appears to disappear in the expansion at the shoulder. A diffuse 

white line, sometimes wavy in appearance, can be seen a short distance from 

the shoulder, and then turbulence in the boundary layer appears over a range 

of positions which agree with the region labeled "transition" based on the 

temperature measurements * Other wavy laminar boundary layers, just prior tc 

transition to turbulence, have been observed under conditions where the laminar 

boundary layer was much thicker, as in Figure 19. 

* 
! 

One difficulty with getting good qualify wind tunnel shadowgraphs is the 

fact that iihe density in the test, section is low- A "ring" was machined on 

the nose of a 20mm cone-cylinder model for which the free flight Reynolds 

Number correspoiided to one of the wind tunnel Reynolds Numbers, and the modal 

was fired in the Ballistic Research Laborat-r.-ies Aerodynamic Range.  Figure 20 

I    i 

i   ! 

* The firing was carried out under the supervision of L. C. McAllister, 
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is a shadowgraph of the free flight model* Because of the model motion, the 

turbulent region ahead of the shoulder is more difficult to distinguish; how- 

ever, the ring si:;a chosen, iC=led appropriately. «as more than 3 uffici&nt to 

cause transition at the ring in the wind tunnel. Just after the shoulder there 

is the characteristic white line of the laminar boundary layer before the ap- 

pearanee of turbulence* There is another feature in this photograph vhich 

suggests that the boundary l»yer is lpminar. It has been observed in many frss 

flight shadowgraphs that evon for highly polished models, (the cylinder of the 

20mm model was polished), where the boundary layer is turbulent, there is a 

disturbed pattern in the surrounding flow field, limited on the upstream sad 

by the Kach wave from the beginning of the turbulent boundary layer. This 

disturbed pattern has beer assumed to be a sound field originating from the 

turbulent boundary layer. In Figure 20, such a pattern is visible behind the 

ring on the cans, (Mach vave3 are also visible; they arc present because the 

model surface between the ring and the shoulder was not polished), and in 

the flow field around the cylinder. The Mach wave defining the leading edge 

of this region, about the cylinder, extended to the model surface, clearly 

intersects the model downstream of the shoulder in the region identified as 

£ "transition" on the cylinder. 

IT ' 

AlIaL^SIS 1 
I 

These experimental results can be explained in the following way, 1 

The turbulent boundary layer is known to hava a thin region near the 

surface, which is identified as the laminar sub-layer, where the direct 
viscous terms are predominant.   Measurements of the turbulent velocity fluctu- 

I ation level through the turbulent boundary layer show that a peak in the tur- 
bulence level is reached at the edge of the laminar sub-layer.    This high 
disturbance level apparently prevents the laminar sub-layer from growing, so 
that the Reynolds Number based on the thickness of the laminar sub-layer is 

g invariant. 

i, i I 
¥ 1 i 

3 1 
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I 
The shaip pressure drop at the model shoulder produces a large increase 

in velocity of the boundary layer fJuid. riven near the surface, the air ia 
accelerated to supersonic speeds. The effect of the velocity increase on 

the turbulence level throughout the boundary layer is similar to tiui reduction 

in turbulence level accomplished by the contraction section of a wind tunnel. 

At the beginning of the cylinder, the air that comprised the turbulent bound- 

ary layer ahead of the  shoulder is t-r<e non-uniform, fairly turbulent "free 

stream" for a new laminar boundary ".     <jr growing from the beginning of the \ 

cylinder. The reduction in the turbulence level of the boundary layer fluid 

prod~~~d by the t^>*fisg»ira dro*** T>ermits The ,,ifrovth of the Isini^^r shear l^ver 

\ 
i 

from the model surface. Compared to the usual ^*ind tunnel flow, the turbulence 

level of this new "free stream" is high, and o~ u  transition of the r.cv laminar 

boundary layer to a turbulent boundary layer would be expected to occur at 

relatively low Reynolds Numbers based on distances along the cylinder from the 

shoulder. The only turbulent fluid which becomes laminar is the fluid in the 

new laminar boundary layer, the s?ne process that occurs in tha laminar bound- 
I 

a~r "layex- on a model in the usual wind lunsel, since the wind tunnel air is 

turbulent• 
I 

s.  similar scceieru.Lion takes place when there is s- laminar boundary layer 

ahead of the corner: Tho laminar sheai* flow at the beginning of the cylinder 

niay ba considered to be a new "free streaai" for a new 13.TTu.nar bcundary layer 

growing from the shoulder. The evaluation ox the temperature recovery factors 

along the cylinder must take into account the fact that the boundary layer 

velocity and temperature distributions differ importantly from the velocity 

and temperature distributions for a boundary layer on a constant pressure 

surfaces (The gradual pressure rise along the cylinder will be neglected in 

the c omputations.) 
i 
i 

In the following sections, estimates will be rsade for the boundary layer 

conditions on the cylinder f ox' both a laminar and a turbulent boundary layer 

at the base of the cone. For the case where the boundary layer at the cone 
; 

.* base is turbulent, the properties of the turbiilence in tho naw "free stream" 
\ 

on the cylinder will be examined to see what cam be established about the > 
\ probable state, laminar or turbulent, of the new boundary layer starting from 

the beginning of the cylinder. 
I 

20 I 
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At a number of points in the analysis, it will be necessary to use low- 

speed data because of the limited nature of srupex'aonic istforsatics- 

(a) Turbulence field in supersonic boundary layer. 

•5 
Recently, Kovasznay   has made exploratory velocity and t emperature 

fluctuation Isvel measurements in a supersonic boundary layer.   He founds in 

addition to the velocity fluctuation iield, that adjanent fluid raassos iii the 

boundary layer have unequal stagnation temperaturesj ioe„ a "turbulent" tempera- 

ture iioid in an Eulerian systems    The .•ora voluminous Xow-spesd data are 

used in the analysis, but a comparison of Kovasznay5s fluctuation levels and 

the fluctuation levels obtained from the low-speed measurements will be made. 

(b) Mean and turbulent properties of two-dimensional supersonic wakes. 

| 

f . 
| 
. 

\ 
m 

I 
i 

: 
s 
i 

1 
1 

• 

The author was unable to find any suitable supersonic data, so low* 

speed data have been used exclusively = 

(c)    Influence of the free stream tiu^ulence on laminar turbulent tran- 

sition at supersonic speed?,. 

The available information in the literature on the role of the 

turbulence of the free stream on the state of the boundary layer is for free 

streams with isotropic turbulence.   When the boundary layer is turbulent at 

the base of the cone, the "free stream" at the beginning of the cylinder will 

be anisotrcpic.   To represent the "free stream" conditions from the beginning 

of the cylinder, this anisotropic field Trill be represented by an equivalent 

isotropic field by using an average fluctuation level x[   and a turbulence 

microscale based on isotropic relations.   Along the cylinder, turbulence in 

the "free stream" should approach isotropy.   As will be seen, the interpre- 

tation of the results is not sensitive to the engineering approximations 

that are made. 

21 
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Lstirit: solution for- the compressible laminar boundary layer will bo 

usud to estinstc the sffsct of free strRam turbulence on the lasdr-ar **»*»£!.*«t 

transition at minersonic speeds* 
i 
; 

To avoid confusion in the calculations, the following notation will be 

adopted.    The free stream Mach number distribution along the cone-cylinder 
i 

correspnnding to the static pressure distribution will be designated as It,. 

The recovery factor r is Ui« recovery factor coniput-ed using the -lecLSursd 
i 

surface temperature ?s, the Mach number VL,  and the wind tunnel stagnation 

temperature Tn, as follows. 

1  
T0 " TS r - 1 sf!  

„ 2 
1 + -tl-U 

TT7 
"0   l—        .2H» -> 5 

As a new boundary layer grows along the cylinder, its edge at any axial 

position is at some llach Number lass than ML . At any axial position the 

value of this "effective" free stream Mach Number will depend on the new 

boundary layer thickness at that position and the properties of the Trao 

stream" flow. Primes will be used to identify the conditions at the edg« 
i 

of the "new" boundary layers, Hence, r would be obtained as follows. 

,2_ 
T   — T  • 1 + 9W 

x - 
o  L  — •*•. 

•2I% 

T„ • stagnation temperature of flow at edge of "new" 
\J 

i 
boundary layer 

VL    " Mach Number at edge of "new" boundary layer 

To    • Surface temperature 
i 

rT    - Laminar recovery factor =   *33? 
t 

rT • Turbulent recovery factor - .oti 
i     • 

While T0 and M- are insufficient to establish properly the temperature 

recovery factors along the cylinder, the above expression is considered to 

be a useful approximation. 
I 
8 
« 
i • 
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As shown in Figures JL6 and I?, the  bcisperature data at different 

pressure levels all had the same general riiaracteristies „    The nu*wi <•»" 

i 

i 

• 

r. *. 

I 

I   . 
calculations that ^ra r.v=dc in the foll<**in2 sections are for a supply 

pressure Pc> - 180 cm. at M = 3o02, which is considered to be a representa- 

tive test condition.   Data for a turbulent boundary layer at the cone base 

are for a -OI4I cm- boundary layer trip. 

• 

t 

i 

TURBULENT 80UHQART LAXSK A- BASE G? GOfS 

5 
The shadowgraphs indicate that the boundary layer with the .0^1 cm. 

trip is turbulent for about UQ ooundary layer thicknesses before it r«*»"-hes 

the cone base-   At J.OW speeds, KLebanoff ard DienT* found that badly dis= 

character, which is three-dimensional in nature • Low-speed measurements 

show that there is a sharp boundary between the fcurfculsst fluid in the b 

ary layer near the wall and the main fiuw«,   This boundary is irregular and in 

i 

turbed turbulent boundary layers had re-ostablished the equilibrium or 

constant presses surface velocity profiles and turbulent fields after 

traveling « 30 boundary li/er thicknessess   Further evidence that equilibriura 
j 

conditions are closely approached, if not reached, at the cone base is the 

fact that the temperature recovery measureuaats near the cone base correspond 

to those shown in Figure 7»   Available measureiiients indicate that the velocity 

profiles in supersonic' boundary layers are s imilar to those in low-speed bound- 

~ry lire-era, provided the Reynolds Numbers are comparable.    It is therefore j 

assumed that the boundary layer velocity can be represented as: 

I 1 a* 

i Since transition is produced by a roughness element, it is not possible 
$ s 

to compute the boundary layer thickness, at •one cone base. The shadowgraphs 

show, as would be expected, different apparent bouidary layer thicknesses for 

different size roughness elements, at different pressure levels, and different 

V-. Mach Numbers • 

1 i 
& A large fraction of the turbulent boundary layer has an intermittent 

y 

5,6 | ! 
I show that there is a ?ti»m boundary between the fcarfculsst fluid in the bound- 

3    I ! 

fe 

i 

I • 2^ i 
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a typical case may extend fr-ora   £ =  .U *o ? a 1*2} with H mean position at 

I.V/1M4VW-     . £ •   >?5, where 5 is the conventional ly defined boundary l>iy~r 

In cnc case, » wwo length f^ora oeak to peak of the turbulent boundary of 

26 was observed using hot=-wire equipment. 

• 

. 

i 

a 
• 

The shadowgraphs at high speed of turbulent boundflTy layers and wakes 

show the 3ame sharp boundary between the turbulent and apparently ncn= 

turbulent fluid. The strong optical effect is presumed to be due to the 

temperature spottiness of the turbulent fluid. Since the path length of the 

li~ht rays is the boundary layer is usually several boundary layer thicknesses, 

the shadowgraphs do not show the large variations in the position of the sdge 

of the turbulent boundary layer that are found in the low-speed measurements. 

However, the boundary has a sharply irregular appearance. If the path length 

of the light through the boundary layer was very large compared to 6, then it 

could be argued that the boundary in the shadowgraph should represent 1.25. 

This requirement is not fulfilled for the test model, and since peak excursions 

of the turbulent fluid may not be at the top cone element, it is difficult to 

establish, with any precision, tne boundary layer thicknesses from the shadow- 

graphs. On the other hand, it seems reasonable to beliove that the photographic 

boundary lies somewhere betww -785 and 1.26. The simplest assumption is fco 

set the apparent thickness on the photographs equal to 6, 

An appropriate picture of the boundary layer velocity and temperature 

profiles can be obtained by relating the local friction coefficient to the 

boundary layer thickness, For a compressible boundary layer with aero axial 

pressure gradient, we havetr.^ • PgUg1" 5- or 

local friction coefficient. 

2 dG _  i = d9 ^   C 
f m  is the c 

rJow, for incompressible fluids, in the range of Reynolds Numbers where 

the velocity profile can be represented by a l/Tth power law, ws can express 

the local friction coefficient in terms of the length Reynolds Number as 

followss 

ne. *' x 

2U 

tl 

• 
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r     - .QU5 f(M) 
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30 that U-T.•• 2 J43 x 10"* cm/sec 
XS 
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Recently, a number of experiments have been pe^for^ed at supers csiic 

speeds, in which the local friction coefficient ha3 been compared with the 

incompressible local frictior coefficient at the same Reynolds Number, The 

compressible local friction coefficient can be represented as follows: 

C.   = 2&U K   f (M) 

^ 1 
where f(M) is given, for instance, ir MBA TW 9-WV?. -   ?o 

TK««  dO .0288 «/„x      n„     S e036 -,Mv Then 3^ -n ^ f(M)    or   - -    -,*- f (M) 

To ccrap»rs -^ compressible and ——> iDeoiapressiblc at the s*me x Reynolds 
•*• ft 

Number, the ration v is required.   Assuming the Prandtl Number equals 1, and 

no heat transfer at the surface, it can be shown that 

e       f      F(rQ Ll -F(n)] Ay. 

3 

Convenient tabulations of the value of this ratio for various Maeh NusS>ers 
• 

and various power law representations of the velocity distribution *r= given is» 

NACA TN 2337.    If I « 3(M) 

^ 6c . °iro     G(M-O) f (M) then-- — -mr 
The factor1^•) f^'  is shown in Figure 21, and it appears that for a given 

free stream Reynolds Number, the ration - varies less than $% with Mach 

|j Number.   Approximately, then 6C - ^^^ at>d 
J 

s| Measurement of the shadow graph gives 6 - .06 cm. at the base of the cone, 

,; so that Re6 - 1.9 x 10
1*   Cf(^, - 1.89) - 2.9 x 10~

3 

I • % ,. I «' Usljrig the measured nail tempera-cares. »r~ • lao.i 

E-^jawre, i-"S"«&.\i  .-.»,;.. 
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T-"*\I   r~    t-he friction velocity. 

/3U\ -1 Finally, at the wail ( ^j -1.20 sec 

The extent of the laminar sub-layer is a matter of definition. Some 
uTy 

authors choose —— = 10 as the edge of the layer since that, is -where the 

direct viscous stress and the turbulent shear stress are approximately equal. 

Others choose — » 30, where the direct VISCOUB stress is negligible and the 

mean velocity profile starts to follow the logarithmic law. From the wall to 

= 1C the velocity profile is linear and *>ne re^j.^n -in +•..' ?0 
v - - V V 

represents a transition region to a logarithmic mean velocity profile. The 

construction of the desired velocity profile was simplified as follows: 

U • ky near the wall wh 

of the boundary layer. 

iere (i)w 
• 1.20 sec 

S \o/ 
:'or the rest 

i 

The linear variation of U with y was continued until the profile based 

on the l/7th power law was intersected so that no attempt was made to introduce 

the correct distribution for the intermediate region where the laminar shearing 

stresses and the turbulent shearing stresses are ooth important. Figure 22 

shows the Kach Number distribution as3undng h" si. (Because of this assump- 

tion, the Mach Numbers near the wall are a few psir cent in error.) 

•   i 
i 

The fact that the acceleration of the flow around the corner occurs in a 

relatively short distance makes possible » simple computation of the boundary 

Taver crofile after the expansion. The HtOnenttas aquation for the x direction 

of the low-speed turbulent boundary layer may be written as 
aps 
"ST 

au 
where ji 

(.. su . „ sir [u % • pw] - 
oyy" 3y 

is the laminar shearing stress and puv is the Reynolds shear stress, 

and the forces are expressed as forces per unit mass of the fluid. The shear 

stress is a maximu... at the wall, and decreases steadily through the boundary 

layer to close to saro at y m 6, 

oy 
i i 

i 
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Then. apppoYtmataiy, the viscous force per unit mass of the bouoaary 

|  , lay*" 
! 

layer fluid is 4£ •    In a typical1   '•—bulssfc boundary layer6 -~^ ss ,5 ??«? 

the wall to *• » .0, falling off rapidly to zf-ro between £ •  ,,8 and 4-1.2 

(the maximum extent of the turbulent spikes),    The effect of the acceleration 

at the comer on the correlation coefficient    f~y is not known•    It will 

PS 
just before the acceleration, 

• 

Referring to the x momentum equation for the boundary layer, for a very 
a 6Ps rapid and substantial acceleration the term — HJ—- . which is the pressure 

v  • force per unit mass of the boundary layer- fluid, may be very large compared 
T       T 3P w     w i —s to —jr . If -»• can be neglected compared witn — -5— , then the Mach number 

profile after the corner can be obtained in a simple way, The relative in- 

fluence of the viscous and pressure terms can be evaluated by considering 

their contribution to the change in kinetic energy per unit mass of the boundary 

layer fluid in the acceleration at the shoulder. The acceleration length is 

greatast for the outer streamlines, where it may be from y  to 10 6, but small 
for the inner regions, where it should be of the order'of 0.    Taking the acceler- 

ation length as 6, AtCE^. due to Viscous Forces ~ -» x 6«*-- 

* AK.E.n due *o Pressure Forces ss^'S 
1 P " 
M For- &n increase in Mach number <Vom 1.89 to 3.13 

Si A *-. — MS A? *" 
» 5        .,*   „  dK.5 .  -        .—  OS.     <5    '-"""V ^ 1 I -JI1 

q« „ i na  ~   °M 0 A r^A ~ 3 Vq/M - 1.8? 
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dovelop in a later section that the product u'v« after +.n« corssr is reduced 

to about ,1*2 of ir,3 value ahead of the corner, so that even if —S-r after the 
U'T'      

corner- »?a-5 increased io the maximum possible value of one, the average uv 

would be reduced in the pressure drop at the shoulder. Since the turbulent 
i • 

boundary layer thickness increases almost by a factor of 3, (See Page 28) it 
X" - «j 

appears that -^ throughout the turbulent boundary layer will be a nAximm 

^^.Kinexu--:-----'  -.•www*"  -^..iajj.; 



then the turbulent mixing region vrculd correspond to half of a two-dimensional 
i 

for a turbulent wake. In the real flow, the existence of shear at the wall 

requires the growth of a new shear la;yer starting at the shoulder which could 

be either a new laminar boundary ?ayer or a new turbulent boundary layer, l-ne 

^\Xv   ==   =   C      ^ 3   A   10 SC   that   OVCr  !fiOSt   n£   t.ho   nmmHawr  1 airci-r   thR i 
q   f -v- 

viscous forces can be neglected. I 
« 

i 

The Mach Number for each stoeamtube after the expansion can then be 

easily computed from the Mach Number of the streamtube ahead of the corner, 

assuring that the flow in each streamtube goes isentropically from Ps    to p_   . 
'"-    ' 2 I 

The dependence of the Mach Number on the distance from the wall after the 

acceleration i3 obtained by a numerical step by step calculation for the bound- 

ary layer mass flow from the wall. Figure 22 shows the results of these com- 
i 

Dotations. The air that was almost stationary ahead of the shoulder, adjacent 

to the wall, is accelerated to almost M - 2 after the shoulder. Of course the 

conditions right in the vicinity of the wall are not properly represented by 

the approximation, since the viscous forces there cannot be neglected. At the 

wall, the momentum equation reduces to  gSS. «» — | •* _ a~» £-— the real flew 

the Mach Number will drop rapidly to zero in a narrow region near the wall. 
i 
* 

The expansion of the streamtiibes results in an increase of the boundary 
\ 

laver thickness 6 from 6 = .08 cm. be 5 = .23 cm. 

! • I 
The boundary layer fluj.d at the beginning of the cylinder can be viewed 

as a "new" free stream for the development of a new boundary layer downstream 

.rrom the shoulder. Its Mach Number ranges from M • 2 at the wall, to M • 3.13 

at 6 - .23 cm., bsyerd. which distance the free stream is approximately uniform. 

This "new" free stream should not retain the Mach Number distribution which has 

been calculated for the start of the cylinder. Turbulent mixing should alter 

the Mach Number distribution a.r*i should cause a spread of the mixing region 

into the uniform outer flosr. If the shear along the cylinder surface were aero. 

• 

-A turbulent wake.    Presumably, the Mach Number distribution which has been com- 

puted for the flow after the corner would approach the equilibrium distribution 

| 2d 
i 

• • 
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growth and vroperfciess such as temperature distribution, cf either of tnsss 
i . . 

. new boundary !*#<**£ i- complicated by (a) the variable Maeh Number distri- 

bution of thii free stream, and (b) the variable stagnation enthalpy or xtut 

free stream. 

"here is a redistribution of the stagnation enthalpy in the boundary 

layer fluid ahead of the earner, with a decrease near the •Kail and a com- 

psnsating increase in the outer region of the bcruidary layer. The mixing 

after the turn may cause « further change in the enthalpy distribution. 

The new boundary lavsr erowth will be estimated in two different "free 

•<• 
streams"• 

1. The boundary layer Mach Number distribution as calculated 

for the beginning of the cylinder. (See Figure 22.) This "free stream" 

will remain unchanged along the cylinderi 

2. A two-dimensional -sake with the model surface corresponding 

to the center. The wake width will increase and the speed defect near the 
W- 

surface will decrease with increasing distance along the cylinder. 

Mr 

W 

SB* 

EQUIVALEST TWO-DIMENSIONAL WAKE 

First it will be assumed that friction at the model surface is zero, 
so that the model surface corresponds to the »?ake center.   The influence 

| of friction at the wall can be japarately evaluated*   The asymptotic rep- 
resentation for the mean velocity distribution in a two-dimensional wake 

U l_ \3/2l   2 
is w       "     1 -{ *— ] where U       is the maximum velocity deflect V  L  W  J max 

occuring at the wake center and y0 equals half of the wake width as defined 

i: by the above equation. 

The two conditions necessary to obtain !3F^ and 5"c at tba  ^g^juiing aS 
tho cylinder are chosen so that the wake and the boundary layer are equivalent. 

Since the momentum of a wake does not vary with distance downstream, the 

momentum derect of the wake is set equal to the momentum defect of the bound- 

*• arj layer, 

on 

\i&3?%* .••.••.* • '"'as 
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The equation for the dispiacerneni thickness 5 . for PK = 1 and zero heat 

transfer is , 

« v Y - r. ^ ^ & - *,>] 
Using these two equations, and numerically evaluating the integrals far (iy 

U * 
and 6C, -2?-- and y„ can be found in terms of Ogj    and 5SJ^. 

-    U. 

For the equivalent wake at th« begiftiiing of the cylinder, 

U 
-^ « .08U   and   yQ -  .99 6^ 

To calculate the d ownstreaa development of this equivalent wake it is 
7 

necessary to obtain an effective starting distance.   From Goldstein, 

y umax   = 1 fo 

*¥"   "    7.7-xlcT1 x 

Hence, an effective starting distance is x - 3«5 cm. along an equivalent 

cylinder. 
'! 

'i 
8 4 Townsend   has measured the turbulence in a low-speed w»o-din»nwionsl 

'-•'• 1 
vake and has found that the turbulence Reynolds Number ReT^ •* Rocy"» where 

P-   „ 
S eff     0 „ - cylinder diameter and He- - u" X !gg 

^cyl    v       eff T 
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It also seems reasonable to set the total mass of fluid in the equivalent 

wake equal to the mass of fluid in the boundary layer, 
• 

(|)  - .153 
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For a dd.stw«ce £xcm the mrliiider ^r about 100 cylinder diameters. »    ••~»3 
•   o 

I 
independent of the Reynolds Number.   Setting Re „ * -f Rs   , resul ta in 

£ *..«. " 3*U x 10     cm- or «=— ^ 100 diameters*    Thccs calculations Suggest 
ail ueff 

that the flow would not closely approach the wake distribution in one or two 

rim.   Har.ee. the mean flow distribution probably lies between the boundary 

layer distribution at the beginning of the cylinder and the wake profile* 

The effective wake width would increase, proceeding downstream, pro- 

portio^fti to x     , where x • 3o cm. plus the distance from the shoulder* 

I" 
The supersonic laminar boundary layer on a flat plate grows according 

to the following law. 

d6 
3x" F   tr, \     w  &-QL  where | - h(Mg)   and G^/V  - g(Mg) 

^h-(l^)6 VS 
S 

As an engineering approximation, the boundary layer growth was nusseri- 

cally computed; step by step, using appropriate values of g(KL Y  and h(Mg ) 

a+. each step a?  the process, for the Mach Number distribution of the bound= 

ary layer after the corner and for the equivalent wake Mach Number dieti-i- 

bution along the cylinder. 

There was little difference between the results for the boundary layer 

and wake distributions, so that apparently a knowledge of the exact Mach 

Number distribution of the "free stream" is not necessary. The new laminar 

boundary layer growth in the equivalent wake is shown in Figure 23. 

/, The estimates for the development of the wake "free stream11 along the 

cylinder have been made with +he friction at the surface of the cylinder set 

equal to zero. As a new laminar or turbulent boundary layer grows from the 

ii beginning of the cylinder, the "fr«a stream* fluid is consumed sc that the 
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momentum dcfact of the wake "free stream" is steadily decreased and its 

development should be altered. The following calculations made for conditions 

h*5  cm. from the shoulder indicate that, as far* as the calculation for the 

gi'crwth of the new laminar boundary layer is concerned, there is little error 

in using the mean velocity distribution for the wake "free stream" obtained 

by setting the surface fricti&n equal to aero. 

At x » k.5 cm. the wake "free stream1' width yQ » 3*k? x 10 * cm. and the 

new laminar boundary layer thickness 625.2yn. 

At x • k$ cm, a new equivalent- wake is detenuined by considering one 

edge of the new laminar boundary layer to be the  center of the new equivalent 

wake and by equating the momentum defect and mass flow for tha new equivalent 
1 

wake YQ   and the truncated wake from y • C to y » 7. (see Figure 2U). 

t 
There results yQ + 6 ^ y0 

so that the outer edge of the new equivalent wake is about the same as for 

the truncated wake. 

1 
U 

.,          max 1   ..     - -—2  • Also, =-si    = 4o x iu      is very close to 
S 

TT 

^f- • U.6 x 10~    ,  the mcjan velocity in the truncated wake at y • 6. 

• 

I 
GROWTH OF IJEW TURBULENT BOUNDARY LAYER 

* 

6 1 It was previously shown that for a given Re , that — varied very little 

with Mach Number, so that it 1? sufficient to take 

Z ~  ^* i/g " y~'<x—TK   where tne prices denote the conditions in the 
x      ("_§—, Xl 

v V 1 
"free stream" at the edge of the new turbulent boundary layer. A3 for the 

new laminar boundary layer, the new turbulent boundary layer growth is not 

sensitive to smii changes in the "free stream" flow. Figure 23 shows the 

results for tho growth of a new turbulent boundary layer from the beginning 

ef the cylinder in the wake "free stream". 
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LAMINAR BOUNDARY LAYER AT BASE OF CONE 

»1J .._     -- — -J     *», 

; 

! 
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• 

- 

\ 
i 
. 

"I" 

a 

P-, - 160 cm., Jy. * 1.3?, the lamir 

of the cone is 2.5 x 10"*~ cm. Figure o ahuwo Hie computed 

cstainir^ the effect of the pressure drop 

on the turbulent boundary layer mean velocity distribution should be just 

as valid when the boundary layer at the base of the cone is laminar. At 

**io i»m^.,>» boundary layer thickness at the base 

files before and after the corner. (For simplicity, a linear profile was 

used ahead of the corner.) In this case, the boundary layer thickness is 

not increased by as large a factor as for the turbulent case. Since a 

much greater extent of the laminar boundary layer ahead of ths corner is 

subsonic, the net expan3ion of the streamtubes is less. 

However, a3 compared with the turbulent case, there is an important 

difference, In the turbulent wake, the turbulence mechanism provides some 

interchange across the whole extent of the wake aince there will be some 

eddies of a size comparable to the wake width. For the laminar shear flow, 

the interchaoga depends on the molacular transport mechanism and has a 

local behavior. Consider the following case3. A laminar boundary layer 

grows from the leading edge of a flat plate at rest. (See Figure 3^0 

Between x, and x~ a movable surface is inserted. Now the boundary 

layer growing from the beginning of the plate represents the propagation of 

significant inforination, by viscous forces, of the presence of the wall. 

An element of fluid at A has had a slight change in its motion because of 

a change in the flow potential, bub it has not yet been significantly af- 

fected by viscous forces. The fact that the surface is moving, starting 

at x., propagates along some surface such as the one shown. This infor- 

mation should be transmitted away from the plate more i-apidly by viscous 

forces than for ths initial growth of the boundary layer from the plate 

leading edge because of th** !'*«w velocities near the wall. The fluid 

eleinent at B has not learned of the change in boundary condition at x, 

and decreases its velocity at the same rate as if the wall condition at 

x. had been unchanged. 

! i 
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be the outer reaches of a boundary layer with a linear profile growing 

Wl/I, 

In the discussion of the experimental results the temperatures on the 

cylinder were described in relation to the " usnalM laminar or "usual" tur- 

bulent levels. It is clear from tha forogc-ing considerations that the 

temperature recovery factors for the new laminar or turbulent boundary 

layers on the cylinder would differ from the constant pressure surface 

levels• 

3h 

-id 

M 

With ihe velocity distribution after the corner shown in Figure 2£, 

the fluid elements of the new ires stream should move roughly 0.3 if they 

belonged to another laminar boundary layer of much greater thickness. 

I < 
en a surface well below the real surface. 

i 

Since the boundary layer growth decreases with boundary layer thick- 

ness, the new laminar boundary layer should engulf the old laminar* layer 

about 2o sis. from the earner. Probably-,  some further travel downs treaia 

would be required to reach an equilibrium profile. (Sines for air ^K 
i 

? 
temperature boundary layer is of the sains order as the viscous layer, what 

has been said for sudden changes in shear at the surface would hold equally 

well for sudden changes in surface temperature.) 

TEMPERATUHE RECOVERY FACTORS ALONG THE CYLINDER 

Calculations will be made assuming that in terms of VL    and TA , 
it ° u 

rT     •  s85> and r•    •  .88.    (The limitations of this assumption were pre- 

viously noted.)    The recovery factors, r, along the cylinder for the 

various cases can then be obtained in terms of Mg and TQ. 

As there is heat transfer between the air and the model for about 

one centimeter ahead of and downstream of the model shoulder, the measured 

surf=ce temperatures in the corresponding regions are not recovery temp- 

eratures.    The recovery factor calculations for the boundary layers on 

• 

! 

MriS^jy-i y^i|»y>*,M3s'«i-iagn«»fr&fc^'^g*:'~'f»« 

I 
9 
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the cylinder will not. lake this heat transfer into account su that the 

measured tempera tor 33 in the vicinity of the shoulder should not agree 

with the calculations. 

(a) Laminar at base of cone, 

% 
For rT  - .85 at the e-one base i •  .937 where M- • 1.5?* BO L T_ -5 

u i 

that for the fluid adjacent to the wall ahead of tne shoulder T - Ty. . 

A new laminar boundaiy layer at the beginning of the cylinder would hive 

J^' - 1.91 and TJ - .937 TQ and with rT ' • .85, r - .82 based on >L - 3.13 

and a stagnation temperature TL. 

(b) Turbulent at base of cone. 

For rT - .88 at the cone base, TL, • .95 TQ so that for the fluid 

i 

adjacent to the wall ahead of the shoulder TQ = 1^  . If the new boundary 

t      * i 
laver after the corner is laminar,  then with r.r    -  .85, M<;    « 1.91, *nd 

TQ    -  .95 T0,  r -  383u at the beginning of the cylinder based on 

lfe = 3.13     1 t0. 

If, as previously estimated, the new larrdnar boundary layer engulfed 

the old laminar boundary layer by 2,5 cm. fran the corner, then from 2.5 cm. 

downstream the free stream for the growing boundary layer would be that 

obtained from the surface pressure variation. Figure 11 3hows that the 

recovery fictor r has only reached a value of .81* by 2.5 cm. from the corner, 

and appears to level out at a somewhat higher value than expected. The 

reason for this behavior is not known} it may be that after engulfing the 

old boundary layer, the new laminar layer approaches the usual equilibrixaa 

ie•perat."T*a distribution fairly slowly. Certainly, it does not seem likely 

that the temperature distribution at bhe point of engulfment is th-s equi- 

librium distribution since the old boundary layer suffered a pronounced 

energy redistribution ahead of the comer, and this should effect the distri- 

bution of energy in the new bourdary layer, I 
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Kova3anay found that the total enthalpy was constant within his 

measuring accuracy, (approximately 1%)  across a supersonic boundary layer 

at a Mach Number of 1.75, at least between £ - »05 and ^ • 1, The measure" 

ments covered the supersonic portion of the boundary layer. Evidently, the 

loss in enthalpy occurs very near the wall, £ = .1 in the turbulent layer 

ahead of the corner corresponds to y « 1,6 x 10"'"" cm. after the corner. The 

new laminar layer would have grown to this thickness within about *2 cm. from 

the shoulder- Therefore, except for conditions just after the shoulder, the 

"free stream" enthalpy would be approxiieately the stagnation enthalpy of the 

tunnel, but the "free stream'5 Mach Numb6r would be reduced. Because of the 

reduced "fres stream" Maoh Number, the apparent recovery factor, r. would be 

greater than .85. 

If the new boundary layer is turbulent, then r« - .88, I'L » 1.91, 

TQ 
a  <9$ T0, and r = ,85 at the beginning of the cylinder. 

The apparent recovery factor, r, along the cylinder for the turbulent 

boundary layer would be greater than r - .88. Figure 27 compares the cal- 

culated apparent recovery factors and the experimental results- A 1% dif» 

ference between the actual and assumed stagnation tcj»p«r«.uii[-«H of thw "fr** 

stream", due either to a variation ahead of the corner or a redistribution 

after the corner, would correspond to a change o±' the predicted recovery 

factor levels for the new laminar and turbulent boundary ifiyers of about .015. 

! i 
The course of the recovery temperatures, as shown in Figures 16 and 11. 

! 
and perhaps more clearly at M • 3-^55 in Figure 17, is a rise from the shoulder 

flattening out at 2 - 7 cm. from the 3houldar- and then a fairly steep rise to 

much higher valued. 
i 

S ! I ! 
^ The conclusion that the sharp rise in the experimental temperatures on 

v 

the cylinder is due to a tr-ar^ition from a "new" laminar boundary layer to 
I 

a "new" turbulent boundary layer is believed to be consistent with these 

approximate calculations. j 
I 5 
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TRANSITION BY STRONG TURBULENCE 

to depend on ths turbulence of the wind tunnel air3tream. Taylor  pro- 

posed a suitable parameter for correlating the transition results when the 

turbulence of the stream was relatively large* In the Karman-Pohlhausen 

method for caiculatiijg the behavior of laminar boundary layers in the 

presence of pressure gradients, the boundary layer profile at any position 

depends on the local boundary layer thickness ?nd the local pressure grad• 

lent, and is defined in terms of a parameter _/V where 

A- j£- -4 \ 
(it is known that for rapid changes in pressure the local profile depends 

on the boundary layer history and cannot be described in this simple way.) 

Taylor suggested that in the presence of strong turbulence, the instan- 

taneous pressure gradient, due to the turbulence, caused separation of the 

laminar boundary layer with resulting transition. Taking the Pohlhausen 

treatmftTit as a useful accroximation, in spite of its known 1 Limitations, and 

estimating the root mean square value of the spa.tial pressure gradient in 

then the Pohlhauseri parameter _A. is equal to -A. • -1.36 x 10* (—)  ^— 

This Gan also be written as _/u   <x   —- ( r  )    &e 

J 

where L • Lateral integral scale* 
if 

u«  x x/^ 
The parameter TT 1 r )   is known as the "turbulence parameter". 

I "V u' / x ly^ 
Surprisingly enough; the correlation of JJ- ( £-)   vs. Re^^. worked very 

veil for the existing sphere data and later J\-    "  %*as used to correlate 

•<• 

11 
flat plate transition data by Fage and Freston. (Ra transition is defined 

37 
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isotropic turbulence,  that is 
,/B      .2 .2 Xn • Lagrangian microscale 

I Qp-      /zp u> op u- • 
^ •*     —. m —  X    m Longitudinal microscale 
3x > X x *- 

*• u* - root mean square i 

fluctuation velocity 
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is 

•wi •*».•*    £hg absolute value cf 

layer when plotted as -«-=   vs   -—-   are independent of the Keynolds Number. 

Number of the laminar iuo-Ictyei bisad on the laminar sub-layer thickness is 

invariant, i.e., 
'  Ufix Kec « I. 

For -7- - 30, Re5 = 37$ 

6 - v T; yU 

I y,Jr 
10, Re- = 81 
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as the beginning of the transition region.)   -A. • -12 corresponds to sep- i 
aration in the rchlhausan treatment; the subsonic uransition data give | 

1 

.A. probably doesn't have much significance.    Figure 2o shows A- f    vs* 

Re .    where «A '**oc B_ ( 2L.) '    where X    is the longitudinal microscale 

of the turijiile.nce.    (For the present problem there are s ome advantages 
i 

in using X    rather than !«„•)    In addition to the points of Hall and 
12 ^^ 13 Hislcp      (used by Fage and Preston),  two values from Dryden's     work are 

1 
shown. The scale of the turbulence for Dryden's low Reynolds Number 

points was not measured and was not easily estimable from the mesh size 

of the screen producing the turbulence. A large number of aluminum flags 

were tied to the downstream nide of the screen to increase the turbulence 

level, and they may have also altered the turbulence scale. Because of 

the doubtful value of \ for these points^ one curve is shown dashed. 

Dryden's value for the higher Reynolds Number is in good agreement with 

the values of Hall and Hislop. 

' i 
Dryden's value was the lowest transition Reynolds Number point this 

Author- was able to find in the literature 3    It is naturally interesting •     {• 

to consider whether the same general correlation would hold for still 

lower transition Reynolds Numbers.    In a restricted sense, the laminar 

sub-layer in a fully developed turbulent boundary layer can be used to 

extend the correlation curve to very low transition Reynolds Numbers, 

. 
Laufer     has shown that the fluctuation velocities,  as well as the 

mean velocities, within and :"ji the iirmediate vicinity or the laminar aub- 

Since the mean velocity for different Reynolds Ihusbers follows a single j 
/ U 7"t TUT 

.* curve of 7-—   vs   -— , ii" a value for •—- is decided upon,  then the Keynolds 

w^S* iC' -*if **.fqr-.) - — 



Tiiis laminar sub-layer can be thought of having originated st some dis- 

I 

I 
I 
! 
1 :. 
5 
5 

• 

• 

c 

» £ 

•E 

is- 

IS 

fe Sis 

tance x upstream: 
yTJi 

5li 
v 3U 

5 « y and Ufi - U at  10 or 30 for the Hat plait, laaiiaar boundary 

layer.    Clearly the disturbance in the turbulent boundary layer ,'ust out- 

side of the landnar sub-layer is so intense that it prevents the laminar 

sub-layer from growing,    that is in terns of ReR.    The correlation of 

u • , X >'* 
TT~ v T~)   vsc Re^._ as given in Figure 28 can be viewed as a purely 

* u,  x 1/2 
empirical results For values of »r- ( f—)   below the curve, transition 

"x 
does not occur.    The value of this 3ame parameter can be computed, fairly 

crudely, for the laminar sub-layer uiiiig the measured properties of the 

boukxlary layer la the immediate vicinity of the laminar sub-layer as the 

"free stream".   The parameter can be only loosely determined because the 

boundary layer turbulence is anisotropic and there are many fluctuation 

levels and many microscales.   Taylor's value for the spatial pressure 

gradient was based on a Lagrangian scale Xr) whose relation to the Euleriati 

microscale was determined from one experiment in isotropic turbulence. 

Intuitively, the most important determining factor in a given spatial 

gradient would be the appropriate fluctuation component and the correspond- 

ing microscale,  such as u' and X  • 

yUr 
Using u' alone and X , taking the edge of the laminar sub-layer at 

- 30, and considering the "free stream" to bs an average of conditions 

yU       TU.-C     •    1/2 
from -JE- - 30 to -ji - 60, g- ( f- ) - .31 RSxtj. " h.l x 10-\ 

If the laminar sub-layer is defined as s fined s.s axtandins to — 
yu-r 

1C. then a 

similar calculation gives 

i 

u  / x \ ' 
.lit where He xtr ..? x 10- 

The values oi w~ ( *-=)   for the laminar sub-layer are used to extend the 
x 

correlation curve in Figure 23 to very low Reynolds Numbers. 
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TURBULENCE PARAMETERS FOR BOUNDARY LAYER ON CYLINDER 

In order to compare the turbulence parameter «r- ( •* ) 
1/2 

j.or -one new 

laminar boundary layer along the cylinder with the correlation curve in 

Figure 28, the turbulence levels and microscales for the possible "free 

stream" flows, boundary layer or wake. a<?e required• The turbulence level 

and microscale for the boundary layer free stream can be obtained by ?sti- 

mating the change in turbulence level and microscale of the boundary layer 

on traversing the corner. The turbulence level and microscale for the waka 

have to be based on low-speed wake measurements. If there were no turbulence 

production, then the boundary layer turbulence at the beginning of the cy- 

linder would decay rapidly as for isotropie turbulence. Since there is 

turbulence production, the turbulence level must be higher than that obtained 

for isotropie decay. On the other hand, the turbulence level in a wake is 
u' 

limted, and asymptotically •^~ 

decrement.     Since U max 

T,   P-  .2 where U   is the maximum mean sneed 
IL.-^. !"ax 
• • -1/2 decreases oc x   , the turbulence level steadily 

decreases. 

1/2 
..i^ T      V..- The parajseter *=- { ?-)       wni be cciuputed for- the rollowixig cases. 

x 
(The Kach Nunber variation along the cylinder will be neglected.) 

(a) The mean velocity distribution of Figure 22 assumed constant and 

the turbulence assumed to decay isctropically. 

(b) The mean velocity distribution for a wake with the turbulence 

level and microscale based on low-speed wake data. 

••5 

I 

-. 

TURBULENCE LEVEL AND SCALE IN BOUNDARY LAYER AHEAD  OF THE CORNER 

Experimental 3tudies of low-speed turbulent flows,  such as boundary 
6 15 lu layers,w channel flew      and pipe flow,      have established the following 

facts: 

(a) Close to the wall, cut to the region where the velocity distri- 

bution follows the logaiithraie law, the-; fluctuation levels for all of these 

flows substantially fall on a single curve when the data are plotted in 
u«   ?"«• 

terms of U-f, the friction velocity, that is ^- vs. ~- . 

UO 
1 
I 
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ib)    As shown by Laufor for pips flow> well away from the wall the 

friction velocity is the proper reference- velocity so that a plot of 1 

£-   va. £ is independent of Reynolds Murder-, 

(c) in view of (a) and (b) it would seem reasonable to guess that 

a curve of £- vs „ £ for the boundary layer well away from the laminar sub- 
Ur: O 

layer would be Substantially indep«T;rtent of Reynolds Number.    Klebanoff and 

Diehlu raade ilucoation measurements in turbulent boundary layers at two Si 
%h> • 

different air speeds and at several different boundary layer thicknesses. 

While all of the data plotted in terms cf ip do not fall on a single curve, 

qualitative results are consistent with the hypothesis„   Furthermore, mar 
— 
4»4 in the boundary layer well away from the wall but not in the inter- 

mittently turbulent region, a coripar-'aon of Klebanoff »s boundary layer data 

with Laufor'a  pipe flow data in the same region shows that the values of 

&- are approximately the saneo For these computations, the fluouation 
r   u" 

levels yrr   as measured by Klebanoff are used for the portion of t-he boundary 

layer where (a) does not apply= 

(d) The experiments of Laufer, - Klebanoff and Diehl,1* and KlebanGif,' 

show that the longitudinal integral scale of turbulence appears to be con- 

trolled by the boundary conditions so that lor a given flow, sa$r a bouiidary 

layer, the ratio of the integral scale to the boundary layer thickness, say 
L " L 
-*» is not a function'of the Reynoila Number o *or the boundary layer, -5 • .h 

:••• 

f 
16 

For isotrcpic turbulence the relation between the microacaie of tur- 

bulence and the integral scale is 

X-    - u'Lx I j 
Y—  " :    where N« • —77- I I 

Since the turbulent shear flows under consideration are not isotropic, this 

relation between the turbulence scales weald not be expected to hold* How- 

eve;.*, a check of Klebanoff»s boundary layer data shows that ov6r a fairly | j 

large portion of tho flow, excluding the laminar sub-layer, the isotropic 

relation bctveen X ar,d L holds surprisingly well. In order te obtain 

suitable values for the turbulence scales in these high-speed flows, the 
\     7 £ ! 

approximation that «*- » r== will be made. 

ia 
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At the con* base at M - 3.0i.\ with M,, • 1.39, PQ - 190 cm., Ur-' 2 ,UU x 10" 

cro/sec., and X • 1.15 x 10 w cm. Figure 29 shows the turbulence levels T? , 

across the boundary layer «>*»re U ia the mean velocity at any point anross the 

boundary layer and u ia the square root of the average of the squares of the 
!    I i 

turbulent velocity components u , v , and w • 

THE EFFECT OF THE EXPANSION AT THE SHOULDER 

ON THE BOUNDARY LAYER TURBULENCE 

Consider a flow in which there ia a vorticity distribution super- 

imposed on a uniform, mean motion* When there is an irrotational change of 

the mean motion, tne rotational and irrctetional flows will iuteract, so 

that, in gener?!, the energy of the rotational field is changed. In con- 
17 

nKction with fie design of wind tunnel contractions, Prandtl ' showed that 

if the gain in energy for ail of the streamlines in a contraction is the 

same, a condition that would realized if the pressure drop for each stream- 

line were the sane, then a longitudinal steady perturbation in velocity 

would be reduced. He also applied the circulation theorem to a vortex with 

its axis in the stream direction and showed that its energy would be in- 

creased in traversing the contraction. G.I. Taylor,  and more recently, 
!19 20 

Ribner and Tucker, ' and Tucker  have investigated the interaction of an 

irrotational and a rotational flow field U3ing the Helmholtz Equations. 

The Helmholtz Equations give the vorticity of a fluid element in t ermc of 

its vorticity ?.t some initial time and the motion of the fluid element with 

respect to its initial coordinates, and so it i3 a Lagrangian representation. 

The modification of the vortici'ty distribution by viscosity is neglected so 

that viscous diffusion and •"-,acous dissipation are not included. The equations 

are21 

4 o^o 
P " P0 

3DC       J[0 
3a      pQ 

dx +*,0 
Sb      p0' 

3x 
3S 

1 »^° 
P   "  PC. °a     P0 

|y+C_o 
3D       0- dc 

r jo 
p" p0 

M + *12 
9a      p0 

3B  + ^0 
3b T p0 

dz 
8c 
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-where £_, *?Q>-i 0J are the initial components of the 

i VGrtisitV '7'3C',"•^,'*' I - - - „   - 

a, b, c, are the initial cartesian coordinates 

of the fluid element 

pA »• initial fluid element derasi.ty 

and they are valid for ~ compressible fluid. In a general case, to obtain 

the vorticity components at time t, all of the nine Lagrangian coordinate 

derivates have to be known. The above authors simplify the problem by 

assuming that the change? in the potential motion are large and rapid, and 

the rotational motion is relatively small so that the motion of a fluid 

element is primarily specified by the velocity changes of the potential 

motion* Under thit restriction, six of the Lagrangian derivatives become 

•zero and only ^ , S£ , and *cg remain, so  that the equations describe the 

alteration of a vorticity distribution by a geometrical deformation of the 

flow field. Any desired vorticity distribution can be represented by the 
v 

M 

SUM 

superposition of elementary vorticity distributions. 

i • 
These methods have been developed to deal with the p^ohjea of the 

changes of turbulence in a wind tunnel contraction where unfortunately 

in general, all of the Lagrangian coordinate derivatives are important 

and wher-6 the dissipation cannot be nsgiectyu. As previously noted, in 

the present experiments, for a good portion of the boundary layer, the 

acceleration at the shoulder of the cone cylinder model occurs in a length 

of the order of 6 so that compared to the usual wind tunnel contraction 

the changes in the mean motion of the turbulent boundary layer fluid occur 

very rapidly. The following estimates for the importance of the non-linear 

terms and the viscous dissipation in the expansion at the cone cylindsr 

• shoulder indicate that, in this case, the linear theory should be reasonably 

| good, 

I £' For the turbulent boundary layer at the base of the cone L   • .h.6 and 

mi = .0? (Average froa £ » ,1 -** £ " «i») • 

An 
u2 U, 

average value of ?£-   for the same region is W^ « 1.43 

See Aprsn^jjc 

U3 
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i 

Also* we have U„          * 3*7 X101* cm/sec 
3,VSI* 

* 10U TT                  __   f    rj /*TTI   /00/> 

^ 7 r   - i .- "l rM      - — 'e, - - U U - x.O X iC!   um/Scv; 

Suppose there ia an eddy of dimension I«^ and strength u with its axis 

transverse to the direction of the mean motion, then the motion of a fluid 
t 

element depends on its initial y coordinate b, as follows: i 

x - U   x At + J?a + t— (  w-)    x b 
mean L,r   0 rean 

* TT    nean velocity in 
mean 
acceleration 

V -TT/'  „„ — *2 U tnMn 
y 

iluid element deformation. 

w   y        suaan 

The fraction of the turbulent energy lost is  ^u k- " m ?   TT •ean X -2. «i .06 
„ Ui mean        y 

•flew —=—   a  ,25 so that     ^ A— due to fluid element deformation is  .75 as 
u"'- u1 
1 1 

compared with .06 for viscous dissipation. 

! 
, dx  * dx   6/u'\    „ - 

and 5- «• i. Tsc- • f— v -n'   ** »3 oa     3b  L_   I) mean 

. *       2 aver  ^ -,   ^ «„ 3x   /3x ^  0 
where jT = yj  » 1.5 or 3b / Sa      *2 I    I 

1 aver ' i 

so that even for this case; the neglected derivatives are not negligible 

although they arc smaller than the derivatives that are included, and the 

assumptions ir, the calculations are at least roughly satisfied. It is also 

I 

necessary that th«* turbulent dissipation IJR. the flow about the shoulder be 

unimportant as compared to the change in turbulent energy produced by the 

I 

16 
The decay of the turbulence; if isotropic, would be proportionaj. to j 

,/'A      u'3 1 
«       ^    Ly j 

The time for passage past the shoulder, assuming the acceleration length 
6 « is 6 is At • yj  i 

Thar., the loss of turbulent kinetic energy is (Au) = - ~>      !^oa^ 

-, 



 •—••-rTUTi "rtMM(—m-rnirr- •• •"im  I«-I-IW w^r         •"JM!'I»." "«imMMiMniii   mi'iiiiiii*i»i   V.3£&* 

• 

XL has been shown that the restrictions of the linearized theory 
• are fairljy* veil satisfied for the rapid acceleration at the shoulder 

1 of the cone cylinder.    M.nee the available rneasure^'ants on the ovsrai-i 

, 

i 

i 
i 

•4*- 

changes in ttsrbulenee intensity in wind tunnel contracti.—n are in 

general agreement with the calculations, it is believed Justifiable to 

use the theory for obtaining the overall turbulence intensity changes 

at the shoulder. However, certain inaccuracies are manifest. The 

I 

i 
turbulent field ahead of the corner is neither isotropic as in reference 

19 nor axisymmetric as in reference 20. Furthermore, the expansion 

right at the model shoulder is two-dimensional rather then axisymmetric 

which is the case computed in the above references. 

i 

The conclusion as to the general nature of the nhenomenon on the 
cylinder is not dependent on an accurate knowledge of the turbulence 
level.    Since many other approydmations are made, it did not aeem j 
worthwhila to attempt to evaluate the possible error due to the above 

i 
differences.    It is noted by Ribner and Tucker that their result is 
ve.iTv close to the result obtained by Prandtl for a much siisplified 
vorticity <iistribution.    In any case, the author could not resist t-he 
pleasure of merely plucking an attenuation factor from a handy chart. 
Figure 29 shows the fluctuation levels sifter the expansion at the 

shoulder as obtained. uoJjug rsfersn^c- 19» j 

'i& 
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APPLICATION TC TURBULENCE I 
i 

no 

^»,i—jiimi^^^j^wv-~*^og^^a*^-^-:"' ;j».i--*i...•• ~->"^•~«^ai»:ffia*is^,^«^s:5to»'is»*«fci 

figure 30 shows an expansion of a turbulent flow where the chance in 

mean velocity is large and rapid enough to permit the use of Helmholtz's 

Equations with G. I. Taylor's restrictions. The nalcul&ticn can be described 

in the following terras. 

At any tins t, an instantaneous measurement of the velocity field, if 

it could be made^ vo»id establish the vortioity of the fluid elements at 

station A. The Helmhcitz Equations can chen be used to determine the 

change in vorticity of the fluid element? at station B. If a sufficient 

number of similar measurements are made randomly, the average changes in 

vorticity of the fluid elements can be obtained, and so the average change 

in energy in the rotational motion. 
i 
1 

I 
The turbulent energy aquation rep-^sants the change in turbulent 

kinetic energy in a fluid element moving with the mean motion. Asy par- 

ticular fluid element may lose or gain turbulent energy in various ways, 

Such as turbulent energy convection, out the i'lucT/uaT-ion field as a whole 

can only have its total turbulent kinetic energy changed by losing kinetic 

energy to heat through viscous dissipation or by having its kinetic energy 

changed by interaction with the mean motion. 

The interaction term, which is usually called the turbulent production 

—r~ aIjV- 
i j 5r.—       (i. j are repeating indices) and may be either 

-1 
O 

positive or negative. When the mean motion is uniform, then the production 

term is zero. If the viscous dissipation is negligible xn the section A-:3, 

then the integration ->f the production term over the volume A-B must result 

in a change in turbulent kinetic energy equal to the ciange in turbulent 

energy calculated using the Helmholtz Equations. 

The calculations of Ribner and. Tucker"1"^ show that mean flow changes may 
I 

result in either a decrease or an increase of turbulent energy.    For acceler-        | 

ations at supersonic speeds^ the fluid elements are stretched in both the 
I 

i 
i 



longitudinal «sd the lateral directions. As a result, both the longitudinal 

and lateral fluctusticsis arc reduced by the deformation and the turbulent 

eiuangy is thereby reduced»    Xn a senus* tne turbulent eu*>rgy flaws xrsa the 
+.wyKtii»i«it fii««'fcn»ti£a» fl*ld to th» Eean fl°»f;   This conversion of random 

ZZZTZT is^*? di2,5**j?^! nation •*" antilogous to the conversion «r nmdcis T.iier«al 
energy in a gas into directed motion in a supersonic nozzle.    If the flow 
process i« reversed, the turbulent energy will be increased* 

STAGNATION1 TEMFERA.TURIS UK5VENNESS IN THE TURBUL5NT BOUNDARY LAYER 

s 

I 

1 

I 

Kovasznay't*.   hot-wire measurements in a supersonic boundary layer at 
M • 1.75 show that adjacent fluid ;aasses vary in stagnation temperature $ 

if a measurement is made at a fixed point in the boundary layer there is 

a stagnation temperature fluctuation.   The magnitude* of the fluctuation 
varies through the boundary layer and reaches a peak value of about- ^ of 
the stagnation temperature.   As Kovasisnay discusses in his paper, tha stat- 
nation temperature fluctuation involves a density fluctuation but does not 

involve a pressure fluctuations 

However, when a field of uneven stagnation temperature is aec*lerftt-«»d 
to higher speed, a vorticity field consisting of longitudinal -velocity v«ri» 

ations should be created.   Corrsin'"^ has derived an expression for the 
magnitude of tha resulting velocity perturbation in terms of the initial 

stagnation temperstur*i perturbation.   The relation is 
ul     x A,   2hX 

vHx"k) -R 
where 1*0 • stagnationtBmperature perturbatioa. 

If Kovassnay^s measurements are applied to the turbulent boundary 
layer «t ML • 1.8?^ we have, as maximum valuoa of the root mean square 

fluctuations 

.£ - ,0$   f or   ,£ « .03 

"9 
- .6 

ll r 2 

M 
I 

•A 
•3, 

I 
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• 
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°2 30 that 77- - ,009 = 
C2 

Assuming that this specially Created vcriicity field yoold become a par*. 

«f the general vorticity field after the model shoulder, the contribution 

to the turbulent fluctuation level would be .005. This addition to the 

turbulence after the shoulder wii?. be neglected. 

EFFECT OF SHOUIDEK EXPANSION ON TURBULENCE IGGRQ5GALE 

• 

For isotropic turbulence, the integral scales are often considered 
20 to define a sort of average eddy size. Tucker  has calculated the effect 

of stream velocity changes on the correlation coefficients frois which the 

integral scale is determined. He notes that in certain cases the longi- 

tudinal scale becomos negative which .nakes fairly dubious the identification 

of the integral scale as an average eddy site, 

.2 
The turbulence nicroscale can be defined as X^ 

du'^2 
so that the 

X„ - \„ x i, 
*2   *1 

Change in V is essentially determined by the stretching in the x direction, 

that is 
1 refers to position just ahe;id 

cf ccraer 

2 refers to position just after 
corner 

But in the expansion at the shoulder, the extension of tho fluid elements 

in the y direction is not equal to that in the x direction, so that with 

,2 2uf 

.N
2 

{ Su« V 
\      » V -x. 1 66 v    v     — y2 Y\ 

At the beginning of the cylinder the "free stream" turbulence in these 

experiments is certainly anisotropici even if it were isotropic ahead of 

the shoulder it would be anisotropic after the expansion- The flow near 

the canter of a bwc-disiensional wake is roughly isotropic, so thi.; a* the 

"free stream" flew takes on the aspect of a wake, ths turbulence field 

UO 

- -— 4 
§fi*t*j --*.   



3houid move towards isotropy.    Since,  in any case,  the turbulence in the 

"free fitream" aiwig the cylinder will be compared with low-speed data where 

the frse stream turbulence vas isotropic,  the anisotropic turbulent fisid 

at the beginning of the cylinder will be described in terms of an equivalent 

isotropic flow.    Hence the ge<jmeirio-l change? in ths expansion will be 

averaged,  giving   X„  • 1«3>'U  X_ . 
j 

i ! 

BOUNDARY LATER "FREE STREAM" 

j 
Following ara average values for the region in the boundary layer ahead 

of the corner, from   v •  .2    tc   ? - it 

u-,   <• 3.3 x 10^ cm/sec X^    - 1,15 x 10     cm. 
9 

Altai- the corner, 

I 

IS 
§ 
an 

•••*('% 

U.   ' ^  —   ' X, 

xiL  - 2,1 x KK cm/sec    X  - 1.76 x 10  era. 
"2 Xj, 

I To estimate the turbulence decay in the "free stream" along the cylinder, 

it is necessary to establish the integral seals or an effective mesh ?ia« lor 

the eq«irnT«nt isotropic flow. This can be done as follows. 
I: 
- 

For isotropic turbulence, the decay of the turbulent energy is given by 

, 2        .2 

-i2LJ». . _ 20vu_  wjvs_cj, ^3 based on the expression for the viscous dis- 
dt       \x

2 

10u« 
sipation W, vhere ¥ • •^*a^ 

X * x 

a Except near the laminar sub-layer, the dissipation has been found to be 

reasonably well represented by the above formula.    Now, from mea&ux'6i3snt,j 
H ' 7 
W behind grids of mesh size Meff, it has been found that' 

ii 2 1 
§ 4-i4^JE     which can be written as      ^L   -   L^U^i- 
t u «    . dx Hf-tt e.ff efjf   S 

U9 

! 
i   i 
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I 

An effective raesh size Tor   iim equivalent isotropic flow can be 

determined by equating the above expressions for the Tiurbulfcsuce deoay. t| 
* 

-2 Then axler the corner :-iorf. * ?:fl v 10      cm. and it fellows that 

~~ ,   2   . 5vx A ,, 

The only ir«easureraents oi  wje t.urb'jlenee in two-dimensional wakes that 
n 

the author was able to find are those of Towsend   where the distributions 

of u   and tne microscale X   were measured.    Previously it was noted that 

From Townsend, for Uc • 1.12 x lO'* cm/sec. 

•^Suggested by Professor Stanley Gorrsin of Johns Hopkins University 
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The results of the calculations for the turbulence level and the 

microscale are shown in Figure 3±. The resulting turbulence parameter 

W(T*")   is shown in Figure 32. At any position along the cylinder, 
' x' 

x, as used here, ic the affective length of the new laminar boundary 

layer at that position; B" that :: is approximately equal to the distance 
j 

from the beginning of the cylinder. 

1 
WAKE FREE STREAM 

for such flews as channel flows and boundary layers, the integral scale L 

zrsn rifi+oTinln*»d bv the bdmrfarv conditions. 30 that _£ was a constant in- 

dependent of Re.    It will be assumed that for a wake," also, the integral 
L_ 

scale is a constant fraction of the wake width,  so that we assume — constant. 
yD i 

x Ax -1 
~ - 1.50 aiid -£ = 3.18 2IO1 

Lx y0 } 

(y0 = half wake for mean velocity distribution) 

Lx I So -*• -  .2I4I1 

Since the equivalent wake at the beginning of the cylinder has 

f IT ' 
I -*S* . .oft), 
1 us Ti'T \ i 

Then £ - 12U and ^   ••*   .63 or X    - 3.50 x 10"'  cm. 
2 x i 

^gy^'-'W-^i.'juV^ —*,. 



which compares with X    • 1 «76 x 1G~" cm. for i/ha buund&cy layer after 
vHe  C OCTlwT • 

i 

The decay as the wake width grows can be obtained vising ths fact 
U„_ yn 

that -SH * i ,3 Ji        where x - Xe • x* us x ~ 

x. Effective starting length for thfl wake 
w 

1      - jiim Distance from corner 
Since He• • ——-—— • constant fcr any given wake, 

and — • constant, then ——2 » constant 
jf« v 

I 

1 

Also, we havs y0 • e^x  , o- - aoastant 

Thn) turbulet-?? levels and mierosoals values are shown in Figure 31. 

The resulting "turbulenoe parameter" is shown in Figure 32. Allowance has 

been made for the loss of wake fluid to a new laminar boundary layer* 

Ths start of ths abrupt aurfaoe temperature rise m the eylinds? it 

not a well defined point sines the measuring points were net olosely spaced. 

The position marked on Figur* 32 as representing transition on the cylinder 

is 2.5 cm. from the corner. 

In a low-speed wind tunnel test the free strssuu turbulence is of rela- 

tively large scale so that ever the length of a flat plate model in t**e test 

section the changes of the turbulenoe level and turbulence seals ars small* 

The turbulence parameter for ths low-speed boundary layer increases st**dily 

proportional to DT^* and would necessarily intersect the correlation curve. 

In the present case, ths turbulenoe soale in the "free stream" along the 

cylinder is relatively small so that significant decay of the turbulence 

occurs along the run of the new laminar boundary layer. Apparently, the 

calculated deosy is large enough so that the turbulence parameter for the 

boundary layer free stream, decaying isotropically, has a maximum value 

along tho cylinder. Figure 32 shows the turbulenoe paramat.er curve just 

touching the correlation curve. 
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Actually, as has been noted previously, the turbulence level of the 

"free stream- should decrease sore slowly than for isctrcpic decay because 

of the turbulence production taking place in the "free stream" mixing 

processes. At the beginning of lh« cylinder the turbulence level in ths 

boundary layer "free stream" is higher than th-fc for the equivalent wake 

Tree stream" at- the same position as shown in in guru 31, Eventually, the 

turbulence parameter for the wake-, will also reach a maximum and then de= 

crease, but ovsr the region of interest it increases monotonically. it 

appears likely that the turbulence parameter for the boundary layer on 

the cylinder is either on or above the turbulence parameter for the wake. 

But, in any case, it is clear from the curves in Figure 32 that the general 

nature of the turbulence parameter along the cylinder is the 3ame for both 

of the "free stream" assumptions. The confluence of all of the curvets in 

the vicinity of the experimental value of Rev. would appear tc support the 

hypothesis concerning a laminar turbulent- transition on the cylinder. 

Figures 16 and 17 show that there are differences in the temperature 

data at deferent tunnel oressure levels. If the value of 
u' 
W 1/2. were 

the same at each pressure level, thin x for the beginning of transition on 

the cylinder would be the same ai all of the pressure levels, and Re_+_ 

would increase proportional to the pressure level. At M • 3«02, this is 

roughly the experimental result. At M • 3.£5 only the 100 cm. data has 

transition beginning at a significantly different position along the cylinder 

as compared with the data at the other pressure levels. The sizes of the 

wire trips used on the cone at the different pressure levels were not care- 

fully controlled to make the boundary layer conditions at the trips "similar* 
u'    1 

as the pressure level was varied. Since the parameter ^j- x —y-*, will de- 

x 
pend en both the turbulent boundary layer thickness at the cone base and the 

tunnel pressure level. £- x  u-%, would be expected to vary in a random 
- u   x x/2 

x 
way with tunnel pressure level. 

m 

$2 
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EFFECT OF COMI'RESSIBILTTY 

vt'rtpresaibility effects "rave ween included for that portion of the 

analysis involving the mccoi flow properties ans^i of the corner and on 

the cylinder: The introduction of turbulence levels and turbulescs cs&lss 

was based on low-speed data. For this reason alone, the close agrecuent 

between the predicted value of Re . and the experimental value of ?to,-4.„ 
XH* «.w* 

could be considered fortuitous• 

The supersonic boundary layer measurements of Kov&Biiiay can be caa- 
pared with the low-speed fluctuation level measurements. Kcvassnajr made 

his measurements at the following conditions 

M,, - 1.7$ 6-1.27 cm. T0 - 300°K FQ - 30 cm rig 

Assuming Tw » T„} -ii « 1=54 

Using the relations given previously 

C, - 1.77 x ICf3, Mr - i •— « 1.75 x 103 cm/see 

The following comparison will be maue at   ^ «=   .J> 

For Xovasznay 

U 
4"  -* 

(S')y =  *0325     So       u« - 1.U x 103 cir./s3c. 

*or Klebanoff 
u' \ 

8-•« 
- 1.32 

So the value of u»  expected on the basis of the low-speed measurement 

Hi »l.7g would be , u?!f 
U'  - 2 .3 x 1CK cm/:<cc      Or »o 

Also;  Kovasznay finds I »   .5 L„ 
"M - 1 ?5 "K      0 
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K      1— 
"X   / "cx -~TI » 1,75 Tl • o 

,  ,       Nl/2 
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, . • . x>    J.T      ^  „-  -       * /-r-t _ m <•»«"»/-,Ov u 

I 
temperature should be below room temperature, so that the wall temperature 

will be raised somewhat by heat transfer from the room*   A higher wall 

temperature would increase U^and thereby nx). 

• 
The influence of Mach Number on the "turbulence parameter" can be 

obtained by making use of an existing solution for high-speed boundary 
2k layers.   Doridnitaen.      under the restrictions that the Frandtx Number 

eaualed one and that the heat transfer is zero, developed a method for 

handling a compressible boundary layer analogous to the Karrnan-Fohlhausen 

method for a low-speed boundary layer. 

The boundary layer profile is uxprsssed a= a fourth order polynomial 

W « AT+ Bt2 + Gt3 + rrc^ 

where A - (2 • 4)   ,    B - - 4    > c " (4 = 2) 

0.(1-4.)   >     w"  xzE ! 
i 

I f 
X"« - where t is a transformed coordinate of the distance from the wall y 

5 
as foilowe 

dt - f;   § dy I 

w * _=3L~.   • wY-ri T, » characteristic length of problem 

" c 6 = edge of boundary layer in coordinate t, 
I 

Then ( ^L)   » 0  gives _A * - 12 for separation as for the lew-speed 

"^     solution = I 
5 

f The parameter  -A- is as follows: 

.A . Z2_   „      t-$- , V_ . —       C - velocity of efflux into vacuum 
,    ^2      ds   J    S        c * _     • 
* "S 1 

5^ 

• 

#* — -- •-...''.•    ' • *•     ,,. ; :'''-'"'* '] 



s is a transformed x coordinate, where 

P.. 
Re„ -as ds" rfe; i§ ** 

Pe - local free stieara pressure 

| 
• 
1 

• 
•I 

So        dUs _ dV3    ^ 
~dx~    d*3 CIM -H# LRsoxr 

1 
For a compressible fluid 

oince 

1 
—2— 
^ — G *' ' -, 

•  . I P° At ov • i-. — cm   • 
pg 

dPr 

6 - L f  2a dt 

5 

i 
3 
I 

or with 
r- 

dt - 5 a r 

and 

6 - L6 
0 

Then 

.*. 

s/§"- S-[1***,]'T1-v-t«'J- 

A 
0 

Substituting for 5 and __-£ ws have 
ds 

-*2 ...   A ,rdPs^ 
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I 
I 
I 
1 
i 

i 

i 

!      nl 2 "1  -2 
H(M A.*.)    • !     /       (l » Un r ) dT"! "c" denotes comnressioie 

oJ       0' L 1/ • S j 

This  can be compared with 
_52      / dPs\ 

-A. inc * inr   V~dx/ :for an incomPressible fluld *0U5 
"inc"   deitQueci  JJICwmprCSS<.WA6 

As i^-^o, v3-*-o so     A.,-** A 

Now if a turbulence field is carried along by a supersonic flow, ther* 

i 

— =  or    Jl    - jrif   x       • ^ — 
ax x Vs x 

X 

For a high-speed boundary layer 

2 
5 •<•/»,.     \ X :>>. W?„f     \ _J»_ 'I      ^ny,    M       -6=0 

Gubstituting for 5" 
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, 
should be instantaneous pressure gradients analogous to those for a lov-sneed 

I 
turbulence field. 

We then hcr/e,  simply assuming lhat the low-speed relation holds 

!     s= I 

If it is assumed that the same value of J\.       ,  compressible or ineom-  , 

possible, is required for transition, then a smaller value of JJ- ( j-) 
l" £> \  X/ 

j        is required for the compressible fluid since £(*%) is in general grater 

+K,„ ,.M+«-, i's«* Figure 3"^. To evaluate G, A was varied from 0 to -12.) 

So Re   at high speeds will be less than at low speeds i'or the saiue vaxue 
xtr 

. u> 1 
« Us » P7? j 

x « 

• &•* 
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,; 

for transition.    Rut. Kovasz-rv^y'-s rasults show ..  v    rirdvced b^ a  factor 

o x 

layer enough to avoid transition. 

Nothing in tho present analysis indicates that the pressure drop need 

be a particularly sudden one,, In a gradual turn, the laminar boundary layer 

would grow and the turbulence level would be steadily reduced. It is neces- 

sary that the acceleration keep the turbulence parameter at any point, at a 

respectable level. Tests on a model with a .3 cm. R at the shoulder gave 

the same results as for a sharp cornered model. Spreading the acceleration 

over a much greater length, perhaps up to one or two centimeters, may still 

produce a new lamijiar boundary layer. 
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At a Mach Number of sz 3, |   «~ ( f— )       I ~ »° I TT~ I r~ 1       • 
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of ,7> so that the two different effects of compressibility would approxi- 

mately cancel in this experiment. 

If the concept of transition being caused by the instantaneous pressure 

gradients due to th* turbulent field has any validity, then the superposition 

of a steady pressure gradient of sufficient magnitude shaiild prevent the 

occurrence of instantaneous adverse gradients. In Figure 32 the calculated 

!>__'L-^l...i»-: pir&aiw'Wr*? for ••he boundary layer flow from the beginning of the 

cylinder follow fairly close and almost parallel tu the correlation curve. 

The decay of the turbulence in the "free stream" is very significant and 

the turbulence parameters for the new laminar boundary layer tend to level 
j 

out fair,ly quickly. The present model actually has a small adverse pressure 

gradient which has been neglected in these calculations. It seems possible 

that a model designed with a suitable favorable pressure gradient after the 

shoulder might have much longer runs of new laminar Dow since the favorable 



SUMMARY 

i 

In this work it lias been necessary to make a distinction between the 

boundary laysr at a particular positi on on a model and the cwplete she-ar 

layer at the sasis position•    The complete shear lay?r represents  the results 
^—i    A..~I—"1 1.    —t. •_-     „ .!-«__-...•»    .11     ~n^—— 

the model surface from the leading edge or tip. The boundary layer> as it. 

is used here, is defined in a local sense> and may be all or only the inner 

portion of the complete shear layer. In the latter case, the outer portion 

of the shear layer is the outer flow or environment in which the boundary 

layer grows. As such, it may hav« substantial influence on the friction 

a.<a neat tratisfer as well as the state of the boundary layer. 

A laminar boundary layer is considered present when the knowledge of 

the surface friction at a particular position is being transmitted to the 

outer flow, which may be the outer part o.f the complete shear layer, by 

molecular viscous forces* For instance, in Figure 3U, the velocity change 

of the wall is propagated out into the flow by molecular viscous forces and 

so the boundary layer at that position is laminar. 

A turbulent boundary layer exists when the propagation of the surface 

friction at a particular position on the surface to the outer flow is cor»- 

trolled by turbulent shearing stresses. Of course, even when the boundary 
1 

layer is  turbulent* there is a laroinar sub-layer adjacent to the yall, but 

some information about the 3hear at the vail is very racidly cemmr-nicated to 

the whole turbulent boundary layer. The growth of the turbulent boundary 

layer at any position can be described in terms of th6 wall friction at that 

position, so that the turbulent boundary layer behaves an an entity. 
! 
) 
J 

Hence,  the label laininar or turbulent is selected on the basis  of how 

I the state of" shear on the durface  is being propagated or transmitted away 
^ 

from the surface to the outer flow. 
' 2 

> 

I 
§ 
31 

1 
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I 

on.-, -j.atrth of a boundszy layer en a flat plate in a wind tunnel air- ill-.?    5. 

stream nay alter ths propertiea or the airstream in several ways.    Besides 

potential changes of the free stream which are dependent en the boundary 

layer dispicteenitjiii- thickness§ it. is also possible fur uisu boundary lays? 

to have a more subtle influence on the free stream flow.   As the boundary 

layer grows,  turbulent *»ir is beinp removed from the main stream and either 

has its turbulent energy dissipated when the plate boundary l*yer is laminar, 

or,  in the usual case, h?,$ it increased if the plate boundary layer is tur- 

bulent •    In either case, the removal or a layer of turbulent air from the 
! 

main stream may affect the main Stream in the following way* 

The wind tunnel air is turbulent, and if it is also non-uniform,  then 

turbulent mixing will cause a pxogressive alteration of the mean velocity 

distribution and the turbulence of the air as it passes tlurough the test 

section.    The removal of a layer of test section air must necessarily change 

the course of the turbulent mixing orocesses*    In the us^al wind tunnel case. 

these affects are negligible since a serious attempt is usually made to 

achieve uniform flow in the test section.   In the flow about the cone-cylinder 

model used in these experiments, where the outer portion of the complete 3hear 
I 

layer at a particular position constitutes the "free stream" for the boundary 

layer, these effects have had to be considered. 
i 

Once the boundary layer at a particular position has been identified 

as being laminar or turbulent in the local sense defined above,  then the 

determination of the local fraction, and heat transfer, requires a knowledge 
j 

of the history and devolcpssnt of the entire shear layer near the model 

surface * 

In this report evidence has been presented to show that along a model 

aurfac* the boundary layer may be successively laminar,  turbulent, laminar, 

and turbulent aga:Ln.    It was found that with a laminar boundary layer at 

the base of the cone, the boundary layer on the beginning of the cylinder 

was also laminar, but that the strong pressure drop at the shoulder had a 
\ ' ' < lasting effect on the subsequent boundary layer development-,    For a rela- 

i | 
tively large distance downstream of the pressure dryp,  it i-ras not sufficient 

! ! i 
!      * i I 

•yi 



i /~.~ -"*    M- to describe  the boundary   laver t>roperfn.R.«i  i7i tRm-i.?   of  +.hg 

just outside of the boundary layer, but rather, the history of the flow had 

Lo be considered. I 
i a 
m 
u 

When the boundary layer was turbulent at the cone base, the result cf 

the strong pressure drop was to allow the growth of a laminar boundary Igyer 

starting at the beginning of the cylinder. This new laminar boundary layer 

subsequently underwent transition to a turbulent boundary 1ay«r a short dis- 

tance back on the cylinder. The recovery factors along the cylinder were 

found to depend on the local laminar or turbulent state of the boundary layer 

and also upon the history and development of the shear layer near the model 

surface t    These two cases are portrayed in Fi enire 3£ * 

0   T    ' f 
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xhe second transition from laminar to turbnlant fIon which occurs on 

wlw cylinder of the cone-cylinder model is believed to be controlled by the 

high turbulence lavs! of the "free stream'1 for the new laminar boundary 

layer starting at the beginning of the cylinder. The experimental data are 

compared with existing Icw-spesd correlations for laminar-turbulent tran- 

sition in highly turbulent free streams. Further, a compressible analogue 

for Taylor's turbulence parameter is derived and it is found that at least 

for the present experiments the error in using low-speed turbulent boundary 

layer data and the low-speed correlation data should not be large. 

i 

1 
While these experiments are at supersonic speeds, ohe same phenomena 

would be expected to occur at low speeds given suitable conditions. For 

instance, wind tunnel contractions have a strong pressure drop and as a 

result, although the boundary layer in the settling section is turbulent, 

the boundary layer on the nozzle wall may be laminar. 

I 
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corner expansion, on the teiuperature recovery factors were made in associ- 

ation with Mr. B, des Clers. Recovsrv temperature variations qualitatively 

similar to those shown herein were obtained, but the situation was confused 

by the large heat transfer in the model resulting from its construction, 

and from our inability. at that time, to satisfactorily reproduce the re- 

covery 'factor levels on successive tests. The lucite model was designed to 

greatly lessen the model heat transfer* 
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I 
APPENDIX 

APPLICATIONS  TO WIND TUNNEL CONTRACTIONS 

In ar ordinary !*ir\d tunnel contract-ion section, the conditions of thG 

lin^ai- t.Vinrr^ir ar>e nn+. satisfied anvwhfire in tbr> contraction.    Viscous dis- 

sipation is  important and there is a continuous readjustment of the turbu- 

lent energy in the contraction since anisotropic flews, left- to their own 

devices,  tend to become isotropic. 

i 

Rlbner and Tucker have compared the results of their analysis with 

available experiments by accounting for viscous dissipation in an approxi- 
—-*x„ *• !.•••    mi.* — \-~^„,,—v* j _. M.^. ^..-„i.4- .i.j,. *• •? ,—.- •»->*~ ••%*%««**• 4 «3«*V*AI4 4***\ K«. *» o + «av* »*#»»• 

step process, where for each step there is a change of energy associated 

with ths stream deformation and a change of energy due to viscous dissi- 

pation. Tn most of the experiments, turbulent intensity measurements ware 

made in the settling section and in the best section. Surprisingly wnuugh, 

the experiments are in reason?biv good agreement with the calculations. 

However, MacPhail*"1' made measurements on the axis all along the contraction. 

While the ratio of ths lateral turbulent intensity at the test section to 

that in the settling section is not too far from the prediction, the lateral 

velocity ratios along the contraction are much larger than predicted, and 

are, in fact, larger than would be obtained neglecting viscous decay, 

MacPhail also made some measurements in a channel of approximately constant 

velocity where the cross-section was gradually changed from a high narrow 

rectangle to a low wide rectangle of the same area. Again the development 

of the turbulent velocity components does not seem to be predictable on the 

basis of fluid element deformation. In addition to unpredicted variations 

of the turbulence intensity in the deforming section, the.'e aoems to be an 

,|        oscillatory exchange of energy between the fluctuation components in the 

fixed section following the deformation. MacPhail suggests that some sort 

of gyroscopic action may be involved so that the initial change of orien- 

tation of tho voriisil.y v-ectcr is not that predicted by Taylor's linear 
1 ... .   -  . - • f.heory.    in tnis concept,  tine vertex cores exhibit some 01 x.r.s unaracter— 

; islios of 30lid bodies. 
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action snay be presant.    Tor solid bodies,  a prsccssicnal motirn of a 

rotating body is maintain sd! by an external couple, since the precessions*! 

motion involves a tine rav.e or change of singular moineni/Un of ihs rotciii^j 

body.    The aean motion in a wind tunnel contraction (neglecting the sail 

boundary layer) is represented by an irrotational solution.    This ae^ina 

that the fluid el*ment deformations imparted by the contraction do not 

cnange the angular messntus of the IIUAU elements.    Ihereiore, th« xluid 

in the vortex core should not process at least in the eonvetitional gyro~ 

scopic sense.    If. MacPhail's measurements are correct and the vortices 

turn in a way net predicted by the fluid deformation theory, then possi- 

bly an explanation of the measurements should require consideration of 

secondary flow in the vortss cor*? as they pass through the contraction. 

i 
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* 11...   6.    Shadowgraph at P     - 140 cm.   - Cone M = 3. 02 
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FIG.   9.    Shadowgraph at P^ - 140 cm.   - M = 3. 02 Transition on Cylinder 
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FIG.   13 (a).    Shadowgraphs with wire Trips M = 3. Ui,   P     =  140 cm,   (a) Trip - . 025 cm. 
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FIG.   13 (c).    Shadowgraphs with wire   i ripa ivl - 3. 02   PQ - MO n£4 cm. 
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FIG.   18 (a).    Shadowgraph of New Laminar Boundary Layer P     a  180 cm. 
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